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ABSTRACT Natural graphite sheet (NGS) is a candidate material for lightweight, high-performance heat
sinks. We show that the low through–plane thermal conductivity can be mitigated by using heat pipes.
In the measured configuration, the thermal resistance of an NGS heat sink with embedded heat pipes is
comparable to that of a geometrically-identical aluminum one. The achieved weight reduction is 37 %.
When electrical insulation of a heat sink is not required, soft and conforming NGS does not require thermal
grease at the interface between the heat source and the heat sink. The low electrical conductivity of NGS
does not lead to a decrease in common mode conducted emissions, but the potential to reduce the radiated
emissions was quantified to be 12 to 97 % based on an analogy with antennas. In practical applications,
replacing an existing heat sink with a geometrically identical NGS one is not recommended because it
limits the achievable improvements in thermal performance, weight, and cost. Instead, we suggest using an
optimization algorithm to determine the optimal heat sink geometry.
INDEX TERMS Aerospace materials, Carbon, Circuit noise, Conducted emissions, Electromagnetic
compliance, Electromagnetic interference, Electronics cooling, Graphite, Heat sinks, Radiated emissions,
Thermal management of electronics, Electronic packaging, Thermal management
I. INTRODUCTION
HEAT sinks are used to transfer heat from heat-generating electronic components into the surrounding
air. Their primary role is to prevent a temperature-related
failure of the components. Selecting a suitable heat sink
for a given application is a trade-off between the thermal
performance, cost, weight, size, reliability, acoustic noise,
and electromagnetic emissions.
The most widespread heat sink materials are aluminum
and copper, where the latter offers higher thermal conduc-
tivity, but comes with a cost and weight penalty. Natural
graphite sheet (NGS) is a material whose properties are in
line with the heat sink requirements. Over the practical range
of densities 0.5 to 1.7 g·cm−3 the weight of NGS is 19 to 70
% of aluminum, and 6 to 21 % of copper. The comparison of
cost is limited by the low maturity of the NGS supply chain;
however, based on the raw material market summary in [1],
the cost-per-volume of NGS for the above range of densities
is 7 to 25 % of aluminum, and 1 to 3 % of copper. The
material properties of NGS are highly anisotropic, density
dependent, and some change with compression [2]. The
thermal conductivity is 100 to 350 W·m−1·K−1 in the in–
plane direction and 2 to 5 W·m−1·K−1 in the through–plane
direction. Graphite is stable in temperatures up to 600 ◦C
[3] and shows good corrosion resistance [4]. A graphical
comparison of NGS with aluminum and copper is given in
Figure 1.
The concept of using NGS for building heat sinks was
first proposed for server cooling in the work by Chen et al.
[7] and Marotta et al. [8]. The authors concluded that the
low through–plane thermal conductivity limits the thermal
performance, especially in cases when the heat source covers
only a small portion of the base. Issues with mounting due
to the low mechanical strength of NGS were reported. To
address the drawbacks, the authors abandoned the concept
of all-NGS heat sinks and moved to hybrid ones with copper
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FIGURE 1. A comparison of a) thermal conductivity, b) electrical conductivity, c) density, and d) material cost of NGS, aluminum, and copper.
base and NGS fins. General conclusions about the feasibility
of NGS heat sinks cannot be made based on the two articles.
Icoz and Arik [9] considered a material with properties
similar to a high-density NGS in their study of lightweight
heat sinks for natural convection applications. They con-
cluded that, based on their figure of merit quantity 1/(mRth)
(where m is the weight and Rth is the thermal resistance),
carbon foam performs three times better than NGS, alu-
minum, and plastic with thermally conductive additives. The
thermal resistance of the NGS, aluminum, and carbon foam
heat sinks was comparable. Low-density NGS was not con-
sidered, which renders any conclusions on NGS incomplete.
Other feasibility factors such as cost were not considered in
the comparison.
The limited coverage of NGS heat sinks in the literature is
contrary to their potential. Existing manufacturing methods
are capable of forming NGS into complex shapes thus allow-
ing heat sink geometries that were previously cost-prohibitive
or impossible. The low material cost increases the chances
of successful commercialization, and the low electrical con-
ductivity can lead to lower electromagnetic emissions. The
high in–plane thermal conductivity is attractive, but the un-
derstanding of the limitations arising from the low through–
plane thermal conductivity is incomplete.
In our previous work [10], [11], we built and tested stag-
gered plate fin NGS heat sinks and showed that when the
heat sink width is comparable to the heat source size, their
thermal resistance is comparable to geometrically identical
aluminum ones with thermal grease applied at the device-
sink interface. A detailed analysis revealed that soft NGS
conforms to micro-roughness and out-of-flatness of the heat
source, which reduces the TCR at the device-sink interface,
and in turn eliminates the need for a thermal grease.
In this study, we extend the focus to large heat sinks whose
size in the through–plane NGS direction is multiple times
larger than the heat source size. For such heat sinks the low
through–plane thermal conductivity is expected to degrade
the thermal performance. Furthermore, we investigate the
effect of electrical insulation, and the potential to reduce the
electromagnetic emission of power electronics by using NGS
heat sinks. The published literature contains studies on using
electrically insulative heat sink materials to decrease both
conducted [12] and radiated emission [13]. However, a study
on the effect of using a lossy electrical conductor is missing,
and we aim to fill the gap by considering the specific case of
NGS.
The work presented here comprises an intermediate step
toward evaluating the feasibility of NGS heat sinks for power
electronics applications. The objectives are to: i) experi-
mentally evaluate the thermal performance of large, geo-
metrically identical heat sinks manufactured from NGS and
aluminum, ii) investigate the possibility of embedding heat
pipes into NGS heat sinks to enhance the heat conduction
in the through–plane direction, iii) investigate the effect of
NGS heat sinks on conducted and radiated emissions in
power electronics, and iv) interpret the results in terms of the
feasibility of NGS heat sinks.
II. METHODOLOGY
Fig. 2 shows the three heat sinks used for the present study: i)
reference CNC-machined 6061 aluminum heat sink (AL), ii)
NGS heat sink with aligning plastic rods in the base (NGS),
and iii) NGS heat sink with two 4 mm diameter U shape heat
pipes (NGS+HP). All the heat sinks have 42 fins, and the tar-
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FIGURE 2. Three heat sinks used in this study: reference aluminum heat sink
(AL), natural graphite sheet heat sink (NGS), and natural graphite sheet heat
sink with embedded heat pipes (NGS+HP). The through–plane direction of
NGS is shown by the red arrow; the in–plane directions are perpendicular to
the through–plane direction.
get dimensions were 50.8 mm width, 34.1 mm height, 117.6
mm length, and 2.8 mm fin thickness. Both NGS heat sinks
were prepared from a 1 g cm−3 sheet, which corresponds
to the in–plane thermal conductivity of 190 W·m−1·K−1,
through–plane thermal conductivity of 4 W·m−1·K−1, in–
plane electrical conductivity of 974 S·cm−1, and through–
plane electrical conductivity of 11 S·cm−1. To improve
machinability—which was required for drilling the holes
for heat pipes—the NGS was polymer impregnated (Hernon
HPS 991). The heat sink geometry was selected with respect
to the constrained ability to manufacture the NGS prototypes.
As a result, the thermal performance is not optimal.
The test setup for the thermal measurements consisted of
an acrylic frame with two axial 40 mm diameter fans (JMC
3503 4028-12) in an impinging flow configuration as shown
in Fig. 3a. The fans were driven by a 5 V power supply and
they were kept aligned with the heat sink by the mounting
rods that fit into the holes in the base of the heat sinks.
The considered heat generating semiconductor device was
an IXYS DSEI 30-06A diode. It was attached to the heat
sink with an M3 bolt, but since tapping threads in NGS
is not possible, an acrylic pressure spreader with an M3
nut was installed between the fins on the other side of the
base. The bolt was tightened using the CDI 151NSM torque
screwdriver set to 0.2 Nm, which translates to the contact
pressure of 1 MPa. A Chroma 62012P-40-120 programmable
DC power supply kept a constant 15 A current through the
device, which translated to the dissipated heat flow Q˙ of
approximately 16 W. Three Omega 5SRTC T-type 36 AWG
thermocouples were used to monitor the temperature of the
device TD, heat sink TS , and inlet ambient air TA. The heat
sink thermocouple was attached by aluminum tape at the
location shown in Fig. 3b, and the installation of the device
thermocouple was described in [11]. The thermal perfor-
mance was quantified by evaluating the thermal resistances
as:
Rth,DS =
TD − TS
Q˙
, (1)
Rth,SA =
TS − TA
Q˙
, (2)
Rth,DA =
TD − TA
Q˙
, (3)
where Rth,DS is the device-to-sink thermal resistance,
Rth,SA is the sink-to-ambient thermal resistance, and
Rth,DA is the total device-to-ambient thermal resistance.
To quantify the potential reduction of common mode con-
ducted emissions, the impedance of the corresponding cur-
rent path was measured using a Keysight E4990A Impedance
analyzer with a 42941A probe as shown in Fig. 3b. For the
typical case of grounded insulated heat sinks, the common
mode currents flow in a loop whose equivalent circuit (Fig.
3c) consists of the capacitor CDS formed by the electrical
insulation between the device and the heat sink, resistance
and inductance of the heat sinkRHS and LHS , impedance of
the ground coupling ZG whose magnitude is dependent on
the system, and the voltage excitation VEX that arises from
the switching operation of the device. The effect of the heat
sink material was evaluated by comparing the impedance
between points D and G, as shown in Figure 3d. The low
electrical conductivity of NGS was expected to results in high
RHS , which increases the total impedance of the common
mode loop, and thus decreases the common mode currents.
For both the thermal and impedance studies, three cases
shown in Fig. 4 were considered. In the non-insulated case
(Fig. 4a), the device was mounted directly on the heat sink,
while in the two insulated cases (Fig. 4b and 4c) a 0.07
mm thick adhesive coated polyimide film (Nitto P-221) and
a 1.6 mm thick Al2O3 pad (Aavid 4169G) were used. In
the thermal study, an additional measurement of the non-
insulated case with the Thermalcote 251 thermal grease was
carried out to show the effect of TCR at the device-sink
interface.
The additional measurement details can be found in [14].
The raw data files, data processing implementation, uncer-
tainty analysis, additional photographs, and the CAD model
of the heat sink geometry can be accessed in [15].
III. RESULTS
A. THERMAL PERFORMANCE
The results of the thermal measurements are summarized
in Fig. 5. The total device-to-ambient thermal resistance
Rth,DA given by the total height of the bars has been
split into the device-to-sink thermal resistance Rth,DS (or-
ange) and sink-to-ambient thermal resistance Rth,SA (blue).
Rth,DS includes the resistances arising from the device
package, device-to-sink interface, and electrical insulation.
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FIGURE 3. a) Thermal performance measurement setup, b) Impedance
measurement setup, c) the equivalent circuit of common mode conducted
emissions, and d) a schematic of the impedance measurement.
Rth,SA is a sum of the conduction resistance within the heat
sink and the convection resistance at the sink-air interface.
In all cases, the sink-to-ambient resistances of AL and
NGS+HP heat sinks are comparable with a value of 0.4
K·W−1, while that of the NGS heat sink is approximately
a) b) c)
Heat sink
Device Device
Device
Heat sink Heat sink
Electrical insulation
FIGURE 4. Measured cases: a) non-insulated direct mounting, b) polyimide
film insulation, and c) Al2O3 insulating pad.
three times higher with a value of 1.2 K·W−1. The infrared
camera images in Fig. ?? show that the low through–plane
thermal conductivity of NGS limits the heat spreading in the
base of the heat sink, which makes the right side of the heat
sink inactive and, in turn, reduces the fin area that participates
in the convective heat transfer. To make up for the decreased
heat dissipation area, the temperature of the active portion of
the heat sink must increase, which is visible by the hot spot
in the NGS image.
The results of the cases with no electrical insulation show
that the device-to-sink thermal resistanceRth,DS of the NGS
and NGS+HP heat sinks is the same as that of the AL heat
sink with thermal grease, but 50 % lower than AL without
thermal grease, which is attributed to the low hardness of
NGS, which leads to better conformity and decreased TCR
at the aluminum-NGS interface. Contrary to expectation, the
same trend does not occur when the Al2O3 insulation pad
is used. The measured device-to-sink resistance Rth,DS of
all three heat sinks when using the Al2O3 insulating pad is
2.5 K·W−1. Since the only difference in the three Al2O3
measurements is the TCR between the insulation pad and
the heat sink, it can be inferred that the TCR at Al2O3-
aluminum and Al2O3-NGS interfaces are comparable and the
possibility to eliminate the need for a thermal grease seen
in aluminum-NGS interfaces does not apply to Al2O3-NGS
ones. To verify the latter finding, a study of TCR between
Al2O3 and NGS using a specialized equipment would be
necessary, but no such studies are available in the literature.
The magnitude of TCR is a function of many geometrical,
thermal, and mechanical parameters such as surface rough-
ness, out-of-flatness, thermal conductivity, micro-hardness,
and Young’s modulus. Since most of these parameters have
not been measured in this study, an explanation of the TCR
behavior cannot be made.
When a polyimide film is used for electrical insulation,
the device-to-sink thermal resistance Rth,DS of the NGS and
NGS+HP heat sinks is approximately 14 % lower than that of
the AL one, which is a trend similar to but weaker than that in
the non-insulated cases. Similar to the Al2O3 measurements,
a physical explanation of the trend is not possible due to the
high complexity of the TCR phenomenon, and a standalone
study is recommended.
B. ELECTROMAGNETIC PERFORMANCE
The measured impedance of the common-mode emission
path is shown in Fig. 7, where the top and bottom plots
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FIGURE 6. Infrared camera images of NGP+HP heat sink (top) and NGS heat
sink (bottom). The poor heat conduction in the through–plane direction results
in the hot spot in the NGS heat sink.
show the amplitude |Z| and phase θ. The overlapping ampli-
tude curves for the insulated cases imply that the heat sink
material has no effect on the impedance of the emissions
path. The measurements of the non-insulated case show that
the NGS and NGS+HP have higher impedance, but when
electrical insulation is used, the total impedance is dominated
by theCDS capacitance. The latter conclusion is based on the
θ = −90◦ phase and the linear decrease of the amplitude |Z|.
The magnitude of the CDS capacitance was determined from
an equivalent series RLC circuit to be 23 pF for Al2O3 and
80 pF for the polyimide film.
IV. DISCUSSION
The potential of NGS heat sinks to reduce radiated emissions
can be based on an analogy with antennas. As shown in
Fig. 8a, a non-insulated ungrounded heat sink is conceptually
identical to a monopole antenna. In antenna design, the
radiation efficiency is a quantity that expresses the ratio of
radiated and input energy. While antennas are designed for
maximum radiation efficiency, a low value is desired for
heat sinks to minimize the radiated emissions. Shahpari and
Thiel [16] studied the effect of electrical conductivity on the
radiation efficiency of antennas, and their results can be used
for estimating the potential emission reduction of NGS heat
sinks. Fig. 8b shows the radiation efficiency of two types of
antennas as a function of the electrical conductivity. Based on
the range of conductivities for aluminum, copper, and NGS
that are highlighted by the gray zones, the potential emission
reduction ranges from 12 % to 97 %. Besides the electrical
conductivity, surface roughness has been reported to affect
the radiation efficiency [17], [18]. Therefore, additional emis-
sion reduction might be possible due to the intrinsic surface
roughness of NGS or the ability to easily manufacture NGS
heat sinks with micrometer scale engineered surface features.
A validation of the emission reduction potential for geo-
metrically complex heat sinks in practical applications can be
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done by numerical modelling and experimental work using
a specialized equipment to capture the directional and near
field/far field variation of the radiated spectrum. Building a
numerical model is difficult due to the lack of electromag-
netic properties of NGS. Attempts to measure the permittivity
of NGS using an Agilent Technologies PNA-X network ana-
lyzer with the conventional probe were unsuccessful because
the method is not suitable for anisotropic materials.
In our measurement of the common mode impedance, we
showed that despite the two to four orders of magnitude
lower electrical conductivity of NGS, a reduction in common
mode emissions cannot be achieved for values of device-sink
capacitance from 23 to 80 pF because the total impedance
is dominated by the capacitive reactance. For significant
emission reduction, the heat sink resistance would have to be
equal to the capacitive reactance. Assuming a capacitance of
80 pF and a frequency of 1 MHz, the electrical conductivity
of the heat sink would have to be in the order of 10 S·cm−1,
which is two orders of magnitude lower than the through–
plane conductivity of NGS.
The thermal performance of the measured NGS+HP heat
sink was shown to be comparable to the AL one, but it is
necessary to note that the result is case dependent. For the
present study we used two U shape heat pipes to show the
best-case potential, but an optimized design can contain only
a single straight heat pipe to reduce the complexity and cost.
The TCR at the interface between the heat pipe and heat
sink is of concern as it can adversely affect the thermal
performance. However, the present study showed that even
with a low prototyping accuracy the heat pipes maintained
good thermal contact with the heat sink and participated in
the through–plane heat transfer.
To assist with evaluating the feasibility of NGS heat sinks
for practical applications, a review of relevant findings has
been compiled in Fig. 9. The focus has been narrowed
down to NGS heat sinks with embedded heat pipes. In the
non-insulated case, the good thermal performance of NGS
heat sinks, which is equivalent to aluminum heat sinks with
thermal grease, makes NGS an attractive choice, especially
for weight-sensitive applications. In the present study the
NGS+HP heat sink was 37 % lighter than the aluminum one.
However, when considering replacing an existing aluminum
heat sink with an NGS one, the weight reduction is deter-
mined by the selected density of NGS and the difference
in heat sink geometry. The non-insulated case is relevant to
LED lighting or power modules in which electrical insulation
is not required or has been facilitated within the module
packaging.
In the cases with electrical insulation, the thermal advan-
tage of using NGS heat sinks diminishes as the possibility
to eliminate the thermal grease no longer exists. Additional
measurements, which have not been included in Fig. 5 and
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9, indicate that by applying a thermal grease to the device-
Al2O3 and Al2O3-sink interfaces, the device-to-sink thermal
resistance is reduced by 64 % making this configuration the
best in terms of the thermal performance. The reduction is in
agreement with the results in [19]. While it is possible to use
a thermal grease with NGS heat sinks, this case has not been
investigated here. The low parasitic capacitance of the thick
Al2O3 insulation pad is favorable for a reduction of common
mode conducted emissions. The potential weight reduction
is identical to the non-insulated case because the weight of
the insulation is much lower in comparison to the heat sinks.
For very small heat sinks, the relatively high Al2O3 density
of approximately 3.8 g·cm−3 can make the polyimide tape a
lighter alternative.
While the present study shows the potential benefits of
using NGS heat sinks, the assumption of identical geometry
is not relevant for practical heat sink considerations as the
difference in material properties results in a different optimal
geometry for metal and NGS heat sinks. To fully explore
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the thermal and weight improvements, case-specific opti-
mization studies must be carried out by adopting approaches
similar to those described by Wu et al. [20] or Dede et
al. [21] and using the NGS material properties reported in
[2]. The optimization can be targeted to either minimizing
the weight while keeping the thermal resistance below a
required value or minimizing the thermal resistance while
respecting the characteristics of the available fan and keeping
the dimensions within the limits. To reduce the cost and
complexity, the designs with heat pipes can be penalized to
force the optimization algorithm to choose options that do
not require heat pipes, if such possibility exists. The differ-
ence in optimal geometry of metal and NGS heat sinks was
illustrated in Figure 10. The anisotropy in thermal conduc-
tivity, which is symbolized by the arrows, is reflected in the
optimal heat sink dimensions. Using fewer fins with larger
dimensions can lead to the same performance without the
need to use heat pipes. An example of a simple parallel plate
heat sink was chosen for Figure 10 but the NGS technology
allows using an arbitrary fin shape. Similar to 3D printing,
which makes manufacturing of complex heat sink shapes
possible, the laminated design of NGS heat sinks allows for
manufacturing geometries that were previously impossible or
cost prohibitive.
The main known drawback of NGS heat sinks is the low
mechanical strength. In the in–plane direction, the tensile
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anisotropic metals and NGS.
strength of NGS is only 0.4 to 4.8 % that of 6061 aluminum.
Impregnating NGS with a polymer improves the mechani-
cal strength, but the effect of impregnation on other NGS
properties should be studied. Other open research questions
include measuring and understanding the TCR between NGS
and other surfaces such as metals or plastics; validation of the
potential to reduce radiated emissions; and investigating the
long-term degradation under cyclic conditions or in a harsh
environment.
V. CONCLUSIONS
The thermal and electromagnetic performance, the feasi-
bility, and the need for future research of natural graphite
sheet (NGS) heat sinks were addressed. The thermal mea-
surements showed that by embedding heat pipes into NGS
heat sinks, the low through–plane thermal conductivity can
be mitigated, and the resulting heat sink thermal resistance
is the same as that of a geometrically identical aluminum
heat sink. The device-to-sink thermal resistance of NGS heat
sinks with no electrical insulation is identical to that of
aluminum heat sinks with thermal grease, offering cost and
reliability benefits. For the electrically insulated cases, the
advantages of using NGS heat sinks decrease or diminish,
and further research is needed to explain the measured trends.
No improvement in thermal performance was seen for Al2O3
insulating pads, and only 15 % reduction in the device-
to-ambient thermal resistance can be achieved when using
adhesive-coated polyimide insulation.
Despite the four orders of magnitude lower electrical
conductivity, NGS heat sinks cannot reduce the common
mode conducted emissions because the total impedance of
the common mode current path is dominated by the parasitic
device-to-sink capacitance. To achieve a significant reduction
in common mode emissions, the electrical conductivity of
a heat sink material would have to be in the order of 10−1
S·cm−1, which is two orders of magnitude lower than the
low through–plane conductivity of NGS. The potential for a
reduction of radiated emissions was quantified to be 12 to
97 % based on an analogy with antennas. A combination of
numerical, experimental, and material characterization work
is suggested to validate this prediction.
NGS heat sinks are a feasible option for weight sensitive
applications, especially in cases where no electrical insula-
tion is required. To fully utilize the potential for good thermal
performance and low weight, a case specific optimization
of the heat sink shape based on a numerical model cou-
pled with state-of-the-art optimization algorithms is recom-
mended. The low mechanical strength of NGS must be taken
into account when designing the heat sink and its clamping
mechanism.
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